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RESEARCH OBJECTIVES

Introduction

The research effort reviewed in this report reflects a transition in specific objec-
tives, while continuing to be directed at the development of monolithic microwave

acoustic structures. Although considerable progress has been achieved at frequencies of
up to a few hundred M1z. little or nothing is known of the behavior of thin film monol-
ithic devices at microwave frequencies (above l(,hz). The emphasis or the research pro-
gram. therefore, has been shifted to the exploration of the limils of several materials
and configurations at higher frequencies with the objective of determining the d 'in-

inant factors (such as the relationship between propagation loss and film microstruc-
ture) which act to limit device performance. The change in emphasis is greatly facili-
tated by the installation of a high resolution electron beam lithography system; the
installation is to be completed in the month of November 1981. At the same time we
have greatly incrca.sed the sophistication of our materials preparation and characteriza-
tion capability through our involvement in the growth of films by molecular beam epi-
taxv. IPoutine collaborations with Professor N. Otsuka has added high resolution (3A)
transmission electron microscopy to our capability. The information resulting from
interface imaging is expected to prove critical in the preparation of very thin (dictated
by higher frequencies) oriented piezoelectric films.

F'inally it is important to observe that although SAW devices have developed into
a mature technolog for high speed signal processing in the 50-500 Mliz range, they
have had only a tenuous connection to the areas of integrated electronics and
integrated optics. We perceive two main reasons why a widespread integration has not
occurred despite the obvious motivation:

1. Incompatibility of substrates: SAW technology is centered around lithium niobate
and quartz, while integrated electronics is based on silicon and gallium arsenide,
with integrated optics involving lithium niobate and gallium arsenide.

2. Incompatibility of dimensions: The wavelengths used in SAW devices are typically
10-.30 pm; these values are large compared to the dimensions associated with either 0
integrated electronics or optics.

To overcome these inherent problems we are proposing a novel and unique
approach using high frequency (l(;llz and above) guided acoustic waves in an Al(,aAs-
(aAs-AlGaAs structure. The initial effort, commencing during the current reporting
year, is described in section A of this report.

• *1



Specific Results

A. Double heterostructure Waveguldes

Our most recent work involves studies of an AIGaAs-GaAs-AIGaAs structure.

AIGa-s has an acoustic wave velocity which is 20 to 25% higher than GaAs. As a

consequence, an acoustic wave can be guided along the buried GaAs layer. These

waves have the following attractive features:

I. Substrate compatibility: integrated electronics and integrated optics are both cen-
tered around GaAs.

2. Dimensional compatibility: the acoustic energy resides in a buried layer away from
the surface. The scattering losses associated with the surface are minimized, and it
should be possible to propagate acoustic waves with frequencies exceeding 1Gllz;

losses due to the interface are expected to be minimal, since light waves with simi-

lar wavelengths are known to propagate well in these structures. The associated
acoustic wavelengths are 1pm or less, and hence compatible to typical optical
wavelengths.

3. Compatibility of Configuration: In a,, AIGaAs-Ga.s-AIGaAs both acoustic and
optical waves are guided ahng the GaAs layer so that large acousto-optic interac-

tions should be possible. Moreover, NIODFET's which are becoming increasingly
popular also use exactly the same structure.

We believe that the possibility of using the same identical structure for integrated

electronics, optics and acoustics is rather unique and this can lead to a whole new field

4,f integrated acoustics which will be compatible with both integrated electronics and
integrated optics. A true integration of these technologies could have a significant

impact on both the areas of acousto-optics and acousto-electronics.

3. Implanted Isolated Storage Correlator

During the past year a new configuration for a monolithic storage correlation was
conceived, constructed, and tested. The new device is called an Implant Isolated

,. Storage Correlator and utilizes an ion-implanted array to isolate sampled signal storage
" regions. The device is simple to fabricate, requiring neither pn or Schottky diode
* arrays for -ignal storage. The memory function is accomplished through alteration of

depletion widths of MOS induced junctions with storage times longer than previous

(*
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monolithic configurations. A complete description of the implant isolated meiiry
correlator is found in the preprint manuscript for the invited paper included as Appen-

dix A.

C. Theory For Perturbations in Layered Media

Appendix B contains a copy of the invited paper delivered at the 1983 IiEEIE Itra-

sonIics Symposium. This work represents the first computation for the prediction of
wave reflection and Ravleigh-Sezawa mode conversion produced by ion-milled grooves

in monolithic thin film acoustic devices. The theoretical estimates conform closelv to

experimental measurements. F'urther details concerning the theory of mode conversion

produced by grooved arrays in layered media are given in the report of our article in

the Journal of Applied Physics (Appendix ().

D. Mode Conversion Resonator

Theoretical considerations related our recently proposed mode conversion resonator

have led to predictions of a SAW resonator whose transducer position in the cavity is

not a critical design parameter. This rather surprising result has important implica-
tions for the fabrication of SAW resonators, as critical alignment steps can be elim-

inated. Furthermore, the grooved reflector array and aluminum transducer can be
defined in separate fabrication steps; an advantage not possible with pievious SAW

resonators. Mode conversion resonators utilizing this relaxed spacing requirement are

being examined in both one and two port configurations. The initial results of this

effort will be presented at the 198.1 IEEE Ultrasonics Symposium.

E. High Q Resonators

During the past year we addressed the problem of achieving Q values for the on-

silicon resonators which are greater than the 12,000 we previously reported. Since the

ZnO layer contrihutes to the propagation loss, and hence to a reduction in Q, wr, have

fabricated externally coupled resonators with ZnO limited to the regions of transduc-

tion. in the externally coupled device configuration resonant at 110 Mhiz we obtained

*Q values of 25,900 for propagation on Si02-Si, and up to 31.400 for propagation on

unoxiliized silicon. Details of this work were reported at the 1983 11EE Iltrasonics

Symposium, and the Proceedings paper is included as Appendix i). We are currently

involved in the fabricatin of high-Q. ZnO-1imit(ed resonators in an internally coupled

resonator c(onfigurat ion.

-S ...- . . , .-. . ; .
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APPENDIX A

UIA*js-()J.lT:V)iAW t;ruwtul-: CORIO.aANMi?

S. S. SchwartZ, It. L. Gunshor, and R. K. Pierret

School of EleetricAl IFogineuririg, I'Lrdue University,

West, LafayettLe, In. 47907

AIkJfI*CAUF

The development or surface ucoustic wave (SAW) convolvers ALnd cort-cla-

tors is first reviewed. This is followed by the introduction of a new type of

monolithic metal-zinc oxide-silicon dioxide-silicon storage correlator. I'abri-

Cation and operation of the imrplant isolated storage correultor-, which reiles

on ion implantation for confinement. of storage regions, is next, detailed. A

capacitance time measurementL procediwe- for- evaluation of the chairge

storage capability of the device is duerbud, and correlation output Infornila-

Lion is used to estimate the effective recoii~ation rate of the inversion

layer charges. Finally, operational characteristics are examined and the new

bias stable device is shown to exhibit a 3 LIU storage timie in excess of 0,,-

seconds. The cited storage tiii exceeds ruported storage timies of othier

struct ures fabricated !n the ZriO/ SiUg/ 'Si layered rucdiurii configuration
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I. IN'It.ODUCTION

Surface acoustic wave convolvers and mnimory correlators are devices

whIch utilize the nonlinear inturaction ul th elecLric field associated with

acoustic waves in a piet.ouuclcric niediuaii to ptiforl real Lime multiphcation

of two signals. A representative monolithic rutal-piezoelecLric film-SiOj-SI

convolver is shown in Fig. 1 The piezoelectric layer enables one to excite

surface acoustic waves in the silicon by applying rf signals Lo interdigitated

transducers on the surface of the stubstrute The electric field pattern pro-

duced by fingers of alternating polarlty inLdu'c periodic time and spatial

stresses in the piezoelectric layer, thereby exciting a surface acoustic wave.

Associated with each propagating surfice wave is an accompanying electric

field. It is the nonlinear interaction within the semiconductor between the

electric field patterns of twu contLra-propagaLtiig aves thai produces a signal

proportional to the product of the two ,coutic signals aL every point in the

device. rhe function of the third electrode, known as the gate. is to sum the

product signal over Lhe length of the device When two signals are applied

simultaneously to the two ,trisdtner-. Il,, o t t m i tt(I' . Lh g,%t is proporLion,il

to the Lme-compressed convolution of the two signals.

The developnient of monohIuc UAW deviucs hai emiphasized the use of

ZiiO and AIN as piezoelectric tlnis Although ZnO has received the ino.t

attention, AINI , 2 has sonic attractive fu,' ares related Lo ruggedness and the

potentLid for low dispersion BLoth maLerials can be utilized to achieve a tem-

peratur2 stable conflgui-tion

It should be noted that the Fig 1 cunfiguration is but une of several ways

'-
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to realize the piezoelectric-semiconductor Lnteractlion. For QucAiiple, ai

separated medium Lechruque has been cimployed wherij a SCMILonductor (SI)

and at bulk piezoeiectric crystal (usually LiNbO3) are mounted in close prox-

imityS. 4 A6.B,8. The separAed mediumt structue, althoughi mechianically

4 more complex than a monolithic configuration, has a wide bandwidth capabil-

1Ly9 as a result of the high electromechanical coupling coefficient of LiNbO%.

To increase the bandwidth capability of devices fabricated in the mionolithiC

ZnO/ SiOg/ Si system, thereby making them more attractive as practical sig-

nal processing devices, higher electromechanical coupling wits sought by

employing a higher order Rayleigh mode, It has been shown that the second

* order or Sezawa mode of the layered 7.nO/SiO;/Si configuration can be

efficiently excited in high quality (Urnsl0 . Tihe electromechanical coupling

coefficient available from this mode exceeds that for Rayleigh Waves in bulk

ZnO, and is close to the value for LiNbOj Several convolvers and diode

storage correlators which exploit the banidwidth advantage of the Sezawa

mode have been reported' 1, 121314

* Corivolvers, it should be pointed out, can be used to perform correlation

between two signals. A disadvantage of correlating, two signals using a con-

volver is that the reference signal miust be timec reversed An electronic time

* reversal techruque'5 has been demonstrated in a convolver system'i8 , but at

a sacrifice of high insertion loss which leads to a degraded dynamic range

Additionally, an incoming signal arriving at an unknown time necessitates

* repeated application of the reference signal to counter the uncertainty of

the arrival ime which in turn leads to a smaller effective tinie-bandwidth

product.



-9-

4

The storage correlator is a device which performs both convolution and

correlation without the need for time revcrsu and without concern for the

uncertainty of the arrival time of the signal to be interrogated. Hence, two

* of the major drawbacks of performing correlation with the convolver system

are eluninated by utilizing memory correlaitor

A simified description of the storage correlation process can be given

4 with the uid of F~ig. 2 which depicts a typical miemory correlator. Under nor-

mnAl operation, one introduces a signal at one of the transducers such that a

sampled version of this reference signal, S(L), is stored beneath the gaIle of

* the device by one of several possible writing procedures. At some later

intant, but still within the storage time of the reference signal, a second sig-

nial, R(L), is applied to the gate of the corrclator. The introduction of R(t) at

the gdte electrode excites two contra-propagating signals representing the

product of R(t) anid S(t), which subsequently Appear at, the two output trians-

ducers, it can be shown that the correlation appears at one transducer, while

* tho convolution output is available at Lte other

To date, sevvral memory array configurations have been employed in

the fabrication of storage correlators Schenius for signal storage by means

* of swrface Autes3 1'- 18. pL dIodeS1 q' 0 . I"2122 and Schottky diodcs23 . 2,t have

been examined. More recently, a riew type Of JUnction storage correlator has

been introduced2 )6 in which the spatial variatiori of inversion layer charge at

* the SiOw, Si, interface or the ZnO monolithic configuration has been utilized

for signal storage With the excepiuni of Ltis "induced junction" storage

correlator, the various storage schemc., hiave been employed in both monol-

*ithic aind zieparated IiiediLIII Lcnfigiiiaiimjos
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The first nmemory devices utilized semiconductor surface states for Sig-

nal storagel?, 18 In a surface state momory corrilutur, tlic CCLucric field PaL -

tern associated with an applied Signal causes a bunching (periodic spatial

concentration) of free electrons at the Si/ SiC)2 interface. Subse.quently,a

portion of the electrons are trapped atL Lhe interface thereby producing a

spatially varying charge pattern. The Storage time of these devices

corresponds to the deLi apping Utie wIIhA IS a fLUILcti of the properties~ of

the interface. Surface state storage was subscquenitly replaced by more

easily controlled and repeatable diode storage arrays. More r;ceiitly, refer-

ence signal storage in induced junctions was reported26. Ini both diode anid

induced junction array processes, the principle of charge storage is essen-

tially the same. Recombination of minority carriers injected oat of ai pt

region (or inversion layer in the casc of the induced junction device) by an

IC applicd signal causes an alteriLion of the diode (induced junction) depletion

width.

The monolithic metat/ ZnO/ SiOLi/ Si (MvlZOS) 27,28 memory corretator

introduced this paper utilizes depletion regions in the silicon to store a refer-

ence signal, but in an MVOS region of n-type silicon only, that, is, no diodes or

surface states are employed for storage lurtLhermiore. thec uncoritrollable

and often undesirable charge Injection proccss2 ~.3023 31 which Was used con-

structively by the induced junction storage correlator is successfully igniored

in the implant isolated storage device

In the followWing section we present a detailed description of the

implant-isolated storage correlator fabrication arid operation as3 well as

experimentdl verifica~tion of the QmiAeflee of induced jUnctioi storageu

regions. Section III consists of an in-depth discussion of charge storage in



the irnpldnL-isolated device. An approXima~on for Lhe effective recombind-

L~oa lifLiniQ of niflouiLy Lacarr ii "kL) Ipr1'LijLud IxpurmIrnUal resuL~ for'

the implant-isolated storage correldtor Lire given in Section IV followed by

conclusions in Section V.
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11. TlIkE IMPLAN.IT 15ULA'rD S"I'IU(]I'URE

The implant isolated storage correlator, pictured in Fig. 3. consists of an

n-type 10 0-cm (100)-cut silicon substrate which is ion iriplanted with phos-

phorus in a grating pattern at the sample surface. Charge storage, it should

be noted, occurs in the non-implanted regions. Subsequent to the grating

region implantation, a wet oxidation is performed at 900 'C for 40 m-unutes.

This oxidation, yielding a 1000 X thick insulating layer, simultaneously pas-

sivates the silicon surface and activates the implant. Prior to depositing the

1.7?m ZnO layer by rf sputtering, 1000 X thick aluminum shorting planes are

evaporated on the substrate in the regions below the transducers to enhance

the electromechanical coupling. The Lop aluminum metallization pattern

consists of two pairs of single comb transducers32 and a split gate electrode

arranged so as to form a dual track structure33. The transducers, used to

excite Rayleigh waves, have equal 17.75 jsin finger widths and gaps; the

center frequency of the transducer response is 128 MHz. The separate comb

dual track structure is employed because this technique has been shown to

suppress the self convolution caused by reflections from the transducers. By

slanting the gate metallization pattern adjacent to the transducers one

minimizes the undesirable output observed at the transducers caused by

waves launched at the ends of the gate

Irplant Isotation Concept

Insight into operation of the implant isolated storage correlator can

best be achieved by understanding the method in which charge is stored in

tLe device. We present a qualitative explanation based on typical n-type MOS

capacitance versus voltage characLeristics. To first order the ZnO layer can

I -
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be modeled as a consLant capiciLance in series with the constant SLU 2 layer

capacitaice, the cuoribina on can-in Lain be miodeled as a single effCctive

insuLitLing layer. C-V curves for two sLructurally identical but differently

doped MIS-capacitors are displayed in Fig 4 Note that for both devices.

accumulation occurs over the same bias rAnge However, the onset of inver-

sion occurs for different values of capacitor bias Suppose the two differently

doped devices were side-by-side as part of the same substrate and covered

by the same insulator and metal gate. Under this condition a range of gate

bias voltages would exist where the lugher doped device would be depleted

and the lower doped device would be uivurted In the iniplemenLation of the

implant-isolated storage correlaLor, higher doped depletion regions are used

to isolate the lower doped storage or inversion regions.

To achieve lat.eral variations in doping density one can employ either ion

implantation or diffusion; ion implantation was chosen because it offered

advantages in ease of fabrication. Phosphorus was implanted into the unoxi-

dized silicon wafer through a photoresist mask at a concentration level of

8,XIOO/cni2 using an implant energy of 2b KcV. The implant concentration

varies of course as a function of depth into the semiconductor. An estimate

of the doping profile derived from the C-V profiling technique, however, indi-

cates that the semiconductor may be approximately modeled as uniformly

doped (.-lOi /cm 3 ) in the bias ranges of interest. As a result of the ion

implanttion, a periodic grating patLern of alternating highly doped and lowly

doped semiconductor is established beneath the gate of the correlator. The

periodicity of the grating corresponds to ') jm wide storage regions

separated by 5 im wide implanted regions A sinple electrical model for the

correlator gate appears in Fig, 5, while Fig. 6 shows experimental C-V curves

I. :: -: i"
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derived from an urumplanted wafer, a w-fer i nptanted over its entire surf ace

area, and a grating structure wafer. (The rise in the capaciLace of the grat-

Ing structure capaciLtance near -8.0 volts is caused by lateral effects.) It is

apparent from the curves in Fig. 6, that one can select a bias voltage

between -1.0 volts and -10 0 volts such that the inverted storage (non-

implanted) regions will bc electrically isolated from one-anothur by depietion

regions LQ the implacntzd areas. This is the desired result as illustrated

schematically in Fig. 7. The implant-isolated storage regions, however, in

contrast to those formed by char'ge injcctLon and trapping at Lhe ZnO/SiO!

interface2, are established by a repeatable, well-controlled fabrication pro-

cess and simple selection of the proper operatirng gate bias, 0

VenificuLwn of Storage Ie:gion Isolation

Subsequent to ion implantation, implant activation during thermal oxi-

dation, and deposition of the shorting pad metallization, special gate-pattern

test structures were formed directly on the oxidized silicon surface The

test structures were subjected Lo a post-metallization anneal at 4830 0C for

five minutes to minimize the SiO,/ Si interface state concentration.

Capacitance-versus-time (C-t) transient measurements were then performed

on the SiOg/Si system in order to determine the storage capability of the

grating, and to examne the effectiveness of the implant in isolating the

storage regions,

The C-t transient results can be readily explained with the aid of Figs. 6

and 8. Figure 6 shows a series of capacitance-versus-time characteristics of

the grating region when pulsed from an equilibrium state aL VG = V" (accu-

mulation) to various voltages (VA. VP, etc ) labeled in Fig. 6 'Trace A shows

the result of pulsing the capacitor from the accumulation ruference bias V.
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to an applied bias which is stdl in accumulation. As expected, there is no

change in capacitance with time. Sinflarly for Curv. 13, when both the

storage and isolation regions are depleted Ihe t>Q capacitance is time

independent, but is lower because of the increased depletion widths of the

two regions. Once the device is pulsed such that the non-implanted region

beneath the gate is inversion biased (curve C), Lhe sudden pulse causes a

deep depletLion condition in the non-implanted region with an accompanying

fIniLe relaxation time back to equilibrium. The difference in the C-t transient

of curvc. C and D is thai a larger negaLive pulse causes a greater degree of

* depletion in the implanted region and also a greater deep depletion width in

the non-implanted regions. After relaxation, the non-implanted depletion

widths remain at their maximum values. However, the total equilibrium

capacitance is lower due to the larger depletion width in the implanted

region. Once the gate is pulsed from accumulation to a bias tendig to invert

both the implanted and non-implanted regions, the total capacitance always

relaxes to the same minimum value as exemplified by Curves E and F. This is

true even though a larger negative pulse deep depletes the capacitors

farther and for a longer time. The existence of a biasing range where the

device relaxes to a decreasing final capacitance, followed by a biasing range

where the final capacitance is always the same independent of bias, is direct

verification of the underlying device concept -- implant isolation of the

storage regions, The biasing range over which the device relaxes to a
0

decreasing final capacitance corresponds, of course, to the set of biases used

in the normal opuratLion of the storage correlator.

0

0
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111. CIARGE IW.IAGk

In this section u simple model is prCscntcd to describe the information

storage process. To gain physical insight, we first examine the response of

the storage region inversion layer charge and depletion capacitance to a sin-

gle narrow pulse. After analyzing the efcTedL of a narrow pulse, the actual rf

signal is next treated as a discretLized sequence of narrow pulses (detdls in

Appendix).

Charge Storage

Considr the application or a narrow positive pulse to the gate of i dev-

ice which is biased for normal operation Under equilibrium inversion condi-

tions, there is a maximum depletion width associated with a given gate vol-

tage. Application of a short duration positive pulse to the gate while it is

under equilibrium inversion bias will cause the depletion width to narrow by

some amount dependent upon the pulse amplitude and duration; at the same

time, minority carrier holes in the inversion layer will be injected into the

semiconductor depletion region where some will recombine. Termination of

thib pulse causes the depletion width to instantaneously assume a new value

equal to its equlibrium width plus an increment dependent upon the amount

of mLiority carriers which recombined during the pulse. Herein it is

assumed that the recombination rate of injected holes, crucial to informa-

tion storage, can be modeled by an effective recombination hfetime, THe.

Moreover, the generation of carriers during the negative going portion of the

writing cycle can be neglected because, as is obvious from the lengthy

storage tLimes, the return to equilibrium is very slow compared to the writing

recombination rate. Surface states, traps in the semiconductor and ZnO,

and charges in the oxides will also be neglected because they complicate the
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analysis without offering any insight nto the writing process.

As discussed in 6ection 11, proper operation of this device is dependent

upon the selection of an appropriate operatLng point gate bias. Assuming

that a bias of VC has been applied to the gate, one can, using the 6-depletion

approximation, calculate the inversion layer charge at he silicon surtace.

Because the ZnO layer is only sCett-LtsulatLmg, the d.c charge applied to the

gate is readily injected into the ZnO film and is subsequently stored in traps

adjacent to the ZnO/ SiOL interface, i e., under steady-state conditions a vir-

tual gate is formed at the ZnO/SiOL interf.ce 3 l The ZnO layer, therefore,

can be neglected when calculating the equilibrium minority carrier inversion

charge density whose magnitude is given by

q~ . Ca q) qc ,(1)

where C, is the capacitance (per unit area) of the SiOQ layer, N0 is the back-

ground doping level of the n-type silicon substrate, and U.. is the substrate

* doping parameter. The dielectric constant of the silicon is represented by

K., the temperature by T, c,0 is the permattivity of free space, and k is

Boltzmann's constant. The constant U . is given by

" uF=- -fNn , (2)l n,

where n, is the intrinsic carrier concentr'ation

Duo to the localization of injected clarge at the ZnO/SiO interface, the

equilibrium inversion layer charge is independent of the ZnO layer capaci-

Lar-ce. ltowever, this is not true of the inversion layer charge density when

Where are rapid changes in the gate bias For re signals in the frequency

raige of interest, vollage changes are lou fa~t for- the gate-injucLd electrons

S1
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to follow the applied signal. Hence the capacitance of the ZnO layer must be

included in any calculation of the rcdi.tribuLud surface ch.,ArgL 'ie coild-

Lion just described can be visualized more easily with the did of Fig 9. In

this figure, the solid curve represents a normal C-V characterist.lc for an n-

type semiconductor; VC. is the bias point. In a normal MOS capacitor one

would have to pulse the gate to some bias greater than VT to move out of

inversion and into depletion. In the case of a correlator with ±n injecting ZnO

*film, however, the gate must be pulsed to VT. (on the dashed curve) to be at

the edge of inversion. For comparison to the redistributed charge it is there-

fore more convenient to rewrite the equiLibrium inversion layer charge den-

sity (Eq. 1) for a given gate bias V0 in terms of VT, and C, (the series combi-

nation of the ZnO and SiOz capacitances). The resulting expression for Q.q is

given by

U -2k 1  qNu 41ce 0 kT
SC1 kG + V q qN 1F? 3

where

C, -sIOMC O (4)Cb)oAC + Czno

If the applied pulse were of amplitude VA, repeated applications of such

* a pulse within an interval that is short compared to the device storage time

( 1 sec) eventually leads to a "steady-state" deep depletion condition

beneath the gate where the new inversion layer surface charge density, QA,

* saturates at

2kT q. N' D1 1QA C1 V VA +VT., q4J -C N . b

Iv0 , q1
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The mnximum charge storage in the irnpldnt-lsolated storage correlator for a

given VA Is therefore

AQ = Q~q -QA = CIVA (6)
I

Assuming an effective recombination lifetimt , the application of a dc

pulse of amplitude VA and arbitrary duration t v changes the inversion layer

charge by an amount

AQ = CIVA(1 - e -  ) (7)

The expression for the inversion layer surface charge as a function of gate

bias. applied pulse magnitude, and applied pulse duration is given by

Q.(VcVAtp) = Qq - CIVA(1 - et/Ys) (8)

If one were to pulse the devicc again immediately after the application of the

first pulse, the starting inversion layer minority carrier density would be

QD(VG.VA,tp) instead of Qgq

As mentioned above, the change in surface charge caused by recombina-

tion during a positive pulse of duration Ltp results in an increase in the deple-

tLion width of the storage regions, the new depletLion width is given by

Vc QVc,VA.,))
VC°

W(V.VAtp) = - (9)

VA.(9)where

" a -x,:q u(10) -

2C. 2

The modifled deplction width corresponds to a decreased capacitance given

' by

C'

C(VG. VA. . = , .. .. f.wv,, .) - - '

V± - i t( G . A .

CO V
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Effective RecOMbintion Lifetv'ULe

An experiment was performed Lo obtain the etlecLive recombinaLion hfe-

time, TR. Determination of Tit was accomphlhed by mionitoring the variation

in correlation output with the number of identical writing sequences between

each identical readout step. Lach write sequence consisted of a 1 0 PZ gaLtu

reference signal written by a 400 ns rf writLng signal whi(ch was dpplied to one

transducer (gate-acoustic writing mode). itesults of thIs variable-write

correlation experiment are shown in Fig. 10 which is a sen-log plot of one

minus the normalized correlation output versus effective write time.

Effective write Lime is simply the number of writes performed between each

readout multiplied by the write signal duration (400 nt,). (It should also be

noted that in this experiment the time between readouts was several seconds

to ensure suficient decay of the stored signal before initiating a new write

sequence.) The value of r1 was determined to be 6.3 iss by fitting the eq. (7)

dependence to the measured correlation output.

SOhl.
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IV. O'M,:AIONAI. Cih aUI''RIL'lCS

In this section we prc-ent experimcnLal tesulLs for the correlation of two

1.0js rf burL-S in order to examine correlaior storage time, dynamic range

and efficiency All correlation measurements were performed using the rf

gate-acoustic writing mode and the gate-to-acoustic reading mode. It should

be pointed out th,,L the implant-isolated storage correlator presenLed in this

paper is bias stable, results of all correlation measurementrs are totally

repealable at any time without any special pri.cautLions, irrespective of the

previou- gate bias.

S A key feature of the implant isolated correlator device is the time the

device is capable of storing a reference signad. Figure 1 I displays the corre-

lation output versus storage time. the data poirns fall along the dashed curve

which corresponds to a 3 dB storage time of 0.56 seconds. Although this is

certainly a long storage Lime compared to other previous MZOS correlaLor

configurations, with advanced fabrication procedures it is not unreasonable

0 to expect storage Limes of at least several seconds

A plot of normai,zed correlation output versus gale bias Ls shown in Fig.

12 for three different values of read-write power level combinations. It is

seen that for gate biases less than d certain value, the correlation output

always remains within 157 of its fixiluni This indicates a very wLde bias

range over which one may operate the dcvice without significant degradation

* of the output signal Based on theoretical considerations, one might expect

that once the d.c. gale bias was sufficintcly large to invert not only the

storge regions. but also the ion implanted separation (and lateral) regions,

* then the lateral flow of inversion layer minority carriers from implanted

regions surrounding the storage areas would hnahiiate the stored signal. The

0n
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experimental result presented, howuvr, indictesL that the iniplanted rcgion

is of insufficient area to supply the signal eliminating flow of minority car-

riers. The top surface of the device after sawing and mounting extends

approximately one milluneter to either side of the one millimetLer wide gate.

TIs area is subject to lateral effects and should contribute to the overall

relaxation, but it is apparently too Sniall to dugradc the output sigilcantly.

An rf writing signal of 140 nanoseconds (1l8 cycles) was found to produce

the highest correlation output, and this wriLuig pulse duration was used when 5

performing the correlation measurenients shown in Fig 13. Figure 13a

thows the correlation output versus the reference signal amplitude and the

result is linear over a 2b dB range in correlator output power. The correla-

tion output versus read pulse power can be seen in Figure 13b. here again

the dynamic range of the device is approximately 2b d8. In all measure-

ments the correlation efficiency is between -100 and -110 dBni. The

efficiency and dynamic range of this device are lower than expected. ZnO

(Um quality during this particular sputter produced a delay line insertion

loss some 14 dB more than in previous devices with the same dimensions.

(The same was true for non-implanted test structures.) A better piezoelectric

film should upgrade both figures of rmierit into the range of previously

reported monhthic memory correlators

MNil -
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IV. CONCLUSIONS

A unoithic ML,) surlce aicou.Lic wavc llltillciy .'orrelaLor ts bcun

presented which Ltilizes ion imlplanLation Lo confine inlduccd junction storage

regions. The storu,,e time capability of the duvice befure fabrication is corn-

pleted has been demonsLrated by means of a pulsed capaitance-versus-ime

experiment. A simple aiodu of the writing prucuss was detu~lcd which allows

one to determine an eflective uiuioriLy CUiI [LU lifLlime fur the invet sion layer

charge. It has been demronstrated thAL 3 dB sLorage tmes in excess of 0 5

seconds are achievable wth the pilumisc of signal Aoruge up to several

seconds. Finally, this device exhibiLt- bi .i; ALlihLy. nakii the implanL Iso-

Iated storage correlaLor an attractive device for use Ls an on-chip circLuL ele-

ment.

The authors wish to thank M Young and T Miller for ion implantation of

the devices Ls well as G MiGee, S. Phillips, and T Corbin of the Nival Avion-

* ics Center in lndinapolis for Ltheir assistance in making photomasks. This

work was supported by the Air Force Ufice of Scientific Research under

grant AFOSR tOb6-b3-12b5.
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APPENDLX

Vor u sin ll pule applicd Lu x ItuIgc rV-.gunH uIrC hS, Af'Lur ,L rucL,,u-

lar pulse of amplitude V1 and duration Ati, d moditied surface charge dnsity

of Q, given by

QI=Q. - CIVI(O - e (A)

If one applies another pulse of drmphtude V2 and duration At: at some instant

immediately after turning off pulse V 1, then the surface charge density is

given by

= (L. - CV t [Qi - (Q..q - CVV)] e -] '1'  (A.2)

Q,
= Qq - Ci Va(1 - e- '€ ') - cJVie-M'/rR( 1 -e

-'/ )

Similarly, with the application of numerous narrow pulses of amplitudes V,,

one can replicate any time varying signal. If one dtscretves the desired sig-

nal into uniform increments of duration At, one can determine the surface

charge density for the application of a signal NAt long by

QN Q~q CIO1 e Ve (A. 3)

66/T 
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FIGURE CAPTIONS

Fig 1 Schematic of a typical monolithic SAW correlator.

kig. ? Correlation ad convolution using a storage correlator.

Fig. 3 Schematic diagram of an implant-isolated storage correlator. (a) Top
view of dual gate structure and single comb transducers. (b) Ion

implantat ion pattern. (c) Side view of completed device

Fig. 4 Normalized C-V curves for typical MOS capacitors
(A) highly doped (1.25XI07 / cm2) n-type Si
(B) moderately doped (5.0X1014 / cm 3) n-type Si.

Fig. 5 Electrical model for the gate of the implant-isolaLed storage

correlator- The implanted and non-implarnted regions are denoted by
Ci, , and CN respectively. Rs, is the bulk silicon resistance and C is the
combined oxide capacitance.

Fig. 6 Experimentally determined C-V characteristics derived from a (A)
totally implanted (B) combined (grating) (C) non-implanted wafer
(VA. Vjj, etc. refer to the curves in Fig 8)

Fig. 7 Schematic of charge storage regions (induced junctions) established
beneath the gate of the correlator. Plus signs denote inversion layer
charge.

Fig. 8 Capacit ance versus time (C-t transtent) results for applied pulses

described in the text.

Fig 9 (a) Depletion width of a single storage region in inversion surrounded
by depleted highly doped regions. (b) ITnergy band diagram drawn
along the SiQj/ Si surface.

Fig. 10 C-V characteristics of a typical MIS capaciLtor (solid curve) and an

MZUS capacitor exhibiting charge injection into the ZnO.

Fig. I I Correlation output versus effective write time displaying exponential

adpendence. Solid curve eorresponds LL an effective nmnoriLty carrier

:i!etime of TiU =e.3/s.
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Fi. 12 Correlation output versus storage time.

Fig. 13 Correlation ouLpuL versus gatu bas for di(fTLrutiL rcad-wriLC power

level combinationh
(A) Pig = 40.1 dBm, PH = 36.7 dim
(13) Pw = 37 1 dBm, Pk = 33 7 dUm

(C) PW = 34.1 dni, PH = 30 7 dl3m.

Fg. 14 (a) Correlation output versus reference signal amplitude. (b)
Corrolation output versus read signal amplitude.
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APPENDIX B

REFLECTION AND MODE CONVERSION OF SURFACE ACOUSTIC WAVES
IN LAYERED MEDIA

Supriyo Datta
School of Electrical Engineering

Purdue University
West Lafayette, IN 47907

Abstract tinuity may be due to an electrode or due to grooves
etched on the surface. We wish to know the amplitude of

We present a simply theory for calculating the first- the reflected wave, AA-. Normally both the incident and
order mechanical reflection coeficient of surface acoustic the reflected wave are Rayleigh waves: however, in lay-
waves due to a strip overlay. The theory is applicable to ered media we also have'the possibility of one of the
both single crystal and layered substrates. The substrate
is characterized by the particle velocities at the surface waves being a Rayleigh wave and the other a Szawawave. This problem is in general a very dillicuft one;
due to an unperturbed surface wave carrying a given however, if the height h of the discontinuity is small con-
amount of power per unit beamwidth while the strip pared to a wavelength (h/X < .01 - 02) the problem can
material is characterized by its mass-density and elastic be treated in a fairly simple manner using perturbation
constants. With a straightforward extension, the theory theory. The condition of small h/X is usually satisfied in
can be used even when the incident and reflected waves practical devices; large values of h/X result in significant
belong to different modis. The theory is developed by bulk mode conversion which is unacceptable for device
analogy with transmission lines (rigorous derivations have operation.

* heen presented elsewhere), and the predictions are com- The method used is basically the same as that
pared to available experimental data. described by Auld' in his book with a modification to

Introduction incorporate edge effects. 2a A rigorous derivation of this
theory based on the normal mode analysis is described in

The basic problem we wish to address is as follows: detail in Refs. 3 and 4. In this paper we will not develop

A surface wave of amplitude A+ propagating on a sub- the theory rigorously; instead we will develop it by anal-
strate (which may be a single material like Lithium ogy with a simple transmission line pointing out the simi- p
Niobate or a layered medium like Zinc Oxide-on-Silicon) larities and differences. The theoretical predictions are
meets a discontinuity at the surface (Fig. 1). The discon- compared with experimental results for different substrate

and electrode combinations. The substrate is character-
ized by the particle velocities at the surface due to an
unperturbed surface wave carrying a given amount of

Incident h . power per unit beamwidth, while the strip material is
Wove , characterized by its mass-density and elastic constants.

4The same formulation is used for both single crystal and
layered substrates. With a straightforward extension, the
theory can be used when the incident and reflected waves
belong to different modes (such as Rayleigh and Sezawa).

II. Transmission Line Analogy

x'xr,'- j The simplest analogy to our present problem is that
of reflections in a transmission line (Fig. 2). The discon-

(a) tinuity is represented by a region whose characteristic
Tyy_ impedance Z0 + AZ is slightly different from the usual

A'A. +AA* impdance Z, with AZ/Z 0 << i. There is a reflection ofT., +AZ/2Z 0 at the leading edge and -AZ/2Z 0 at the trail-
ing edge. If we use the center of the discontinuity as our
reference plane, the voltage reflection coefficient is given
by

+  = AZ (eJ ' - sinO (1)

%here 0 = ka = 21ra/X. Eq. (1) gives us the reflection
coefficient if we know AZI 0; the main probleii in our

Fig 1: (a) Surface wave incident on thin-strip overlay ca se, of course, is to figure out the right AZ/I 0 f,,r i
(b) Generation of a reflected wave by stresses given electrode-substrate combination. The same prof-

induced at strip-substrate interface. lem may be viewed in a somewhat different manner which

362 - 1983 ULTRASONICS SYMPOSIUM 0090.5607/83/000-0362 $01.00 148J 1tF I:
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AAVA
Av A f eJf' d(2kz) j sinO (6)

\' Z 2Z o

Zo  Zo' +AZ Zo ;as bfre We note here that the discintinuity in the
.haratv.rioic Impedance is related to the induced current
1,% the relaion

- 1i2jk\'+ ; (7)S2z o  2

2Z I ri )ur pr', Iliiih ii n iv rg surfacc wavs Wt- %Ill calculate
___V

+  lite equiahnt I/V+ and then deduce an equivalent
aAZ/2Z 0 using Eq. 7.

AV- Ill. tefleortion of Surface Acoustic Wavc-s

hfAZ Surfabue g lcoustic Waves in piezoelectric solids have a

2Z, fairly conmplicat d pattern of acoustic and electostatic
fields coupled together. The first thing we nled to figure

1-g 'q2 1eflecttion fr(,,i a raisniched section in a oult are te "voltages" andi "currents." One way to do
tranjvmi sion line. this is to look at tile expression for power flovo-

1 , = -I .v T' " +";T ,I 'v , , -o ' ( j 'D , ) jitoes the sanic results for transmissi,,n lines but genleral- 1' 2 vT,+v "',+ -
izes. moare readily to (our problem. The change in charac- i=xv (@as)

liriti, impedance AZ can be due to a change AL in the
:iijtctance 1.0 per unit length and/or due to a change AC P V"I (Transmission line) (8b)
ii the capacitance Co per unit length; let us assume that 2
.A1L z 0. so that elere v is the particle velocity, o is the electrostatic

AZ 0  potential, ) is the electrical displacenent and T is tire
S_ .. sie 0  L (2) stress. The stress is defined as force per unit area and itsZ° 2(' otwo subscripts indicate the direction of the force and the

'[ie incidivnt W ave V+ induces a current -jwACV + Wihen direction of the outward normal to the area. For exam-
it meets the extra ca)acitance AC' per unit length (Fig. pie, Ty represents the x-directed force per unit area
:1) This current is given by along the xz plane.

(z) dz = -js.A('dz V +  (3) Comparing Equations (9a) and (8b) it appears that a

induced current now acts as a source that generates surface wave has four pairs of "voltages" and "'currents."

relletetd waves. I'sualy v. is zero or negligible and the particle motion is
primarily in the sagittal plane (y-z plane, Fig. I); so we

will ignore this component. The electrostatic part can be
dV z i(z)dz (4) important if the discontinuity is produced by a

2 conducting electrode and the material has a high
I inl ou.Lliis (2), (3) and the relation k ,:C Zo ie piezelvectrc constant. This effect, called the piezoelectric
get! scattering, is a different problem altogether, wAhich we will

d\ igriore in this paper. In this paper we concentrate on the
- 2k)- dz (5) Iriechanical reflection due to the comrponent vy

(trinsverse) and vi (lonigitudinal) of the particle motion.
flit, t,,ial rtlivctiln is ,taimn'd v integrating Vl (5) Let iis> look at these one by one.
t it,-r i i Ir,, l u,'l I t h tt ph ;t:,-- factor 4." 2k 1 o as to .Ali't allP 'r,' i" rit' l,,ll'-, g i i' f ail r *', so p a stiftall (a! Impe.,ince Discontinuity due to Transverse Com-
ft,, r.- ift. t I a cli iririi referere polant. 1 in'iportnent

I rst we consider the particle motion perpendicular
v" 'A ,- ti the surface. Tihe induced "current," I in this case, can

z/,i i be identified with Ty that appears (on the surface
, ' ll, , ,-,:,,' be'ause if the presence of the strip (Fig I), %ill, the

l-t vitage in this case is tlhe particle disliacii4r.n1.t i+ due
to tlit iricient ".ave Ilence thi iinpedanice discontinuity
filie to tit transverse coiiponint (call 1w Written from

.0 E iiquatioin (7) La

-____//2 j______/___/Io,2/
0  4 ()

______ ________0 2jk%-Y
a (icr. i'. I, theo 1,- I,'r carried I)v the isurfacte iave per
1iil litli'M Ith, aid 'Ae lil' ' U %lI % ; / [11', ti rctllce

ig 3- ( ir tit iniuti N iriil i it No a vI' aot a / 2 ( \2/ II') WVe I 11, h1\A, to, hfIt'rtrI 'i ' I vy+.
ii ti I litlH el I Ieihis (lln' ritadilv, aL-s irmi g that tli, frij, is a th it one
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..... j-ph

-. 2 - 212

T dzW

(b) k wT/G+

T..hW - (T,. +aT,,/0z)hW iijph-k2 ah/w,)

" T.,dzW

akh/ w

Fig. 4: Stresses induced at strip-substrate interface by an incident surface wave
(a) Transverse Component
(h) Longitudinal Component

s4, that it merely floats on the wave without loading it. where we have replaced 0/az by -jk. If the strip imaterial
* From Newton's law (Fig. 4) is isotropic with Lam6 constants X and p, it can be

T dz = (pdzh) dv shown that

-t d (14)
so that v +

= jjph (10) where a = 4p(\ +p) is an effective stiffness coefficient.No+ X +2p
I the strip material is not isotropic, the expression for o

Ssmng Equation (10) in Equation (9), is more complicated [5; however, if the strip material is
2Z0 I 'J (pch) the same as that of the substrate then we can assume.___ . (11) that T,, is the same as that for an unperturbed surface
2Z0 y 41. 2 wave and calculate a. Using Eq. (1.1) in Eq. (13b),

- where c. = /k is the velocity of the surface wave. T = jwph - jk 2ah/,j (15)

(b) Impedance Discontinuity due to Longitudinal Coi- 1

ponent: Using Eq. (15) in Eq. 812) we get,
Arguing as before we can write the impedance AZ pch h

discontinuity due to the longitudinal component as I 7 _ - 1 (16.)
Ay 1 _ T 2 ZO - 4 1  2 2c,
AZ 4 • T(12) However, this result is not quite right. The reason is that2jkv, in going from Eq. (13a) to Eq. (13b) we replacel d by

D Determining TY/v,+, however, is complicated by the fact (01
that the forces on the side faces (ie to the stress T., -jk. This is correct within the strip,) but at te l ,ds of

have to be taken into account (Fig. 4). A similar cow- the strip 1,, iiust go to zero If we ass!ue (a, a first
ponnt due to T was ignored i Fig 5a because "Ir is order approximation) that T,, is constant %ithilii the trip

porient du o'i ( s but goes to zero abruptly at the edges, tlheni the 1Irrii
zero at the top surface of the strip, and its first order but lso ge r i t l a t i gss t the

"- value in the strip can be taken as zero. T, on the other +T/d, also gives rise to delta function stresses at the
hand, is not zero at the top surface. From Newton's law two edges of magnitude (okh/-,)-v ls hich mv have

* (Fig. 4b), neglected. These produce an additional iiipelance
discontinuity of

T, dzW + -- ""Whdz = (pdzWh) -- I - (16")
h ( h t 2Z 41'% e,

T.L = j,,ph + jkh T,/v,+  (13b) Adlig Equation% (16'( and (I It') Ae get tieo- total
+ impedance discontinuity due to the longitudital coin-

• ponent.
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A/h i I'q (210) ha s the simple ittt-Irpiretatrion tha the( iiiass-
± _ (16) io:tiig (p) tenid, to slow thlt wase down s"hlde the

210 2c, stiftiw- fettd, to speed it tlip. Comptiaring withl Fq (N3) it

1 parett that although thlt samte ternis are itivolsed,

1-til ~ ~ ~ ~ ~ i. wii-ii, o ih stiji intorpretatton is possible itreer i

ii. ~ ~ ~ ~ A I Ato ti -pi at ;rtirliitt li tnot proiduce iiial reflection, and Sici'

2/a'INr'11 it 1 L an u~aFo -qain 1)ad 2)w a e a simple
* ri-hit Ion bet en and j.r1 ,'V0 :

1(;j ItiilVvt-tr. %ke h 1,-i- r,-ti-ttl-r hiat thk- ph3W~ (_%/,//( -(_vv) - (I Ni 2/41%) .2pe~b (21)
J ittd v, art- tot l i- ini tit,, atte s aN fir tltt

IIA-w mtid ri - i :i % vi -s r t-\:iiillili if N*.-jv, for
Ii- I!-t ss:is -. Ifiu % - %r iltrfiti av IX Mode Cotiversioni of Surface Acoustic Waves

I o ,o In v ihd r~t. ,~ d -. i~il if the i itl i refiht In it) ltvtr.-il structures if thie top la vr I, ,tliciently

fit 1., f t~w ,- rI. - I . i -t In -1w itrtir - frotm ThIrk. t1cr lit r i [%t o surface "4ave ttmod( clld tn-R y
* hi attd /'I%a% a waVVS. I t is lioSSIIlle ti liAVe all

iii. ii-.1,iii .it tq ~ l~tititti thez ais tl-iett Rai~leigh wave with a reflectedl SeZa54A W3as or

I t. il~l I-cir lII.I h ai;ly I illie Oothe r "~ a) around Thie reflectioin coiVljlutS Call be-

%%lor-v t ie lipe-rscript, + and -refer III wsith illh following iiodihicatiiolls:

IIc use of lits t ietit tnpeat, I Ili Equation (9) 2jk is replaced by j~k + + k 1, where
is tittut t s at ti i n tiie difernc hu-t54 i-vti . k + and k are the wavenuimbers for the incident and

!j,-tmmt Ia, tall tit- iffeenr liewee -A / reflected wave-s. (-, is the samne for both.) As a result Eq.

In _% , ) ( ecomnes v v

A 1. A(1)2ZO 41', k4 +-

2/o 2~ 2/ 2. In E(~ iaiott (15), k' is replaced by that i f the tihn

It)- i rv ad oignl wii It[j- (1 % lI , ttl+ tt s~ hIthe /V'i' delin- 5a (k ) , "hlile in Eq. 12, 2k is replaced h) k+ + k so

ilI \At- art- intere-teil it tilt- ri-lv t i ceficlient Atp / + ta q ain )b c l

I-v, timi We like to 1,1:w vi oo r transtio-rs, at tile peak .1 , V +'~ Pl 0__k__+___-h
p-11ifiiil of tile stitliti' ssais. SiTlt-eQ like vy, i X23)_______ ______ _______itiil~tei byo the7-1), k +-+-k (k +k k 2113f--e bytetratsformattinz--,w expect 2o*1

+~ y /V,/v+ :- -A\ /V, . Th'lis e, why1) we ha1Ve
choiseni the Signl ti Fq 17 to give Its the correct sign fr s iii -tta ii(6' eote

A%,/\ I andI t-tc fo r ..1 o, F.rotm Equationus (I 1), - Z I v, (2+)

,ij 5 jch oh

210 .111, 2 41%s 2 2c, rmEutos(3 n 2)

I ri- If-, It, i lt -!h itt frr,,i a Strit of length a is given ___ 1 V z v PAI + - litk + k (

27 0 t k ++ k k+-

'c' I+ H(1) N ttht lilt- final reii lE9 . 251) is ss titiuitri itt k+ and
k though I ilitutiis (23) andl (21) are wuit This s ii-

\1 -itt si 1-111 itjl' iiit. ai v rN Importatnt ifleronrce nietrv is rautlitr Impoitrtanlt sinet- the r l-lio ii oiliiittit
it ! t tr -tti-i- t lit- I-or a tratiirissiuin line- Ikoitfd he- iii' s-unit rt-garrilss 4f "li- ut- J i~b high or

.I./ awutl so -' s/ / o- that if sse change C sezawa) al Incident art %hii-h is rellecteic Flt is

i~ wg 1, w,-iti 5433\ that reqitirt-il I-v tilt- pinc-pl- if reciriti 11

it o I [I ii 1 I d lIt , tFilp liittl l i i sI Ilk'I-:u s V, hl I.
J f r tii (i,~ , f f --utr;we %- vsi I- Ilti Is not tIte ditfernit sigin, fir Ra~ b igh and st-ciaas- trus ilitg

- I ,- 1-i -i titi iit trv- v, t hat Aev tti-otiritreil Ili tlii- sait iirectionl 1s a r(I-tlt a Ia~ ' igh alil a
It ,. t---I- on t. i -N i- rt -iialan it oh lste at Si-nawa sav tr aveliig 111 tppomne directitorts hai- lilt,-

hw ilgi---, ti(, strit andl ( ti- (- c i ititir ott For this .Farie signl fir '/,/++
'n iisi- twlii lit qu-pation 1161 rather thi hqtilatiini + 4 k- a4~ y 2-l 2 K

it, aidt rat hwr tititi 1tit i-i I Ihat 41", k + 4k

2s~ ict pc)'h 2h L_
-'- - + - 1 (20 2j h_ u 2hk k -(26)

&1~ 2 ~ -2 2r, k +4 k (Vk ++k
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x a 1.21

(a) (Gromve's in ST-qiartz: For an unperturbed sur-
face wave oil ST-quarti, o UJ"

t., in* II1 ull.. I tl

=(4.5 x to~-
4P nt > iniiVs =~j~x W ' 1  .

411. Nt,

= 3158 mA/i .6-

Ali array of grooves may alternatively he viewed as
all array of strips made of t he same material as the sub- P
strate. For strips of ST-quartz,

p = 2651 Kg/ni 3  
a

a = 8.69 x 1O00Nt/neo

From Equation (II).

-- -. 44 0 .00 .01 .02 .03 .04 .06 .06 .07 .08

0y GROOVE DEPTH, hk

From E'quati olt (16)
Az h Fig. 5: Reflectivity per groove vs groove depth for (III)

0 (.32 + ,06) p cut (2111prop. silicon.(Expertmientat dataZ° [' from Rlef 7)

'roi Elquation (17 ,A (c) Crooves in SiO 2-oii-Silicon:

63 The reflect'is0iy per groove 4as ntia-ired as at furl(-
40 X tion of the groose depth in a layered striicttre hasiug a

%Nhih agru,, with the experimental results 11). Note 3.08 pil thick lo~er f Si(). on a (111) cult (2111
tht, frFo 1"5I -.0, propagating silicon subst rate at X = 40 ilm In this

AV case, we find for the unperturbed surface wave.
V

0  lvly l
2

V) (331 x 10 12 I12 /Nt ) j

whoh is what we expect since the wave velocity is the
same under the strip as in the groove. I Vj

b) Grooves in Silicon: 4 =(2.49 x 10 12 mn/Nt.)

Fktr an unperturbed surface wave on (111) cut (211)
pr,,pagal ig lthcon. e. : .,.;3 n/S.

y (2 57 x 10 '2 m2/Nt.) For strips of SiO 2,
41'. p= 2300 Kg/ II

.2 o 7 52 x 10 0 Nt/ni21- 04O~ X 1O 12 inO/Nt.).,

c- 4733 in/ z0 > x 0

Also for strips of stloit., Az h

p = 2-3.32 kg/m 3  zo (.72 + 12),

o a 182 x 10" nt/n 2?  Ah
S97 h

We Nave as before, /o 7

. 1 31 hAV
*Z 5, N hat-- is not zero iii this c,Lse bcautse of the

s %0

AZ ih dispersive naturv of 4iavered struictuurI-s Fig 6 shot th,.
z0 lth(1,reIP' ll 1;r, ilu ted A/I 0  ni I the expvertrteiitally

mi-Lir,,l va&:., from i Pf. 7
This is tted in Fig .5 alieteg %t ith I lIhe , rti,.n al d.ta (0 Moduele ( I'is.rsin ini Z ()o-oti-Sio.,-on silicon 1y
from wartz et al. 171. gr KiVeS
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*0 ~1'-- -~ 50-

2 0

i~.0 0

0

Uit.

,.tcrj (Eprmnaldt rm e..4Q

datItih)%a, wvr.ir c in /ii 77 ti ig. th.k ,it -c (n erinieoci'tSea a to H

2') rin on (100) cult (0101 plroi~pgal org thlconi For (lhe 1'r an ST 'juartz -milsst rate.
ti.'rturbrld Rlv ligh aniro SeIVZAI %%V, ~ find, IL *5.1 gi

(5 01 x 10 1- nOiN' I? Hay leigh

= 2.03 -- (Chromium)
xx 10 1 r/N... Sezawa AZ I

(1.5 = 02 ~ (2, 36 + 1.2- (grid)
- 15 x1 inj/Nt )j Rayleigh 0 >

(I x10 m2/t ) Sezawa*2~~ ~~~~~~~~ jj /ti( :tr31rf~r~rl~ .6 (choim)hiiu

11 tl s etrr, fea 1jhie tI fabricarte a bitmetal
rr i 11 ;r x 15 2 1 ] 11 rf-14-tiiou-Nelectrode Aith ahoirt 55i gild and 4-Y'

I Qr /fl I and 11k1 +io +K k a=i, h- A similar prediction )10" gold, 10"
r I 1 1 x 10 ,n01 A) haom ) is heeri (ialiltat i'el '.erificd for a 100 cut,

110 r~qagaing G;aAs substrate, hut not quantit atiVei~r.
f h tlit, thorcticii reflection celintand tlie A p(-b' rvaLson for the discrepaney is the uncertainty in

"Alriicitlk w:miedah s 1191the trvst i n w a its of thin films a,- explained in Ref S.

* Ii ~i-. app~mir frotti I ' IS that tie imipt-iance I(nir'n
i t iii ii it iii 1w7 cl hr p 'rIivv or iegative though,VIC nl ios

't it 1, rit-git is One w.1 ibe ('xci~pto vi Ini tkit prier %%v liase pri-itei a siimple approiachi
.1.! Aii huh i7'A, i7 .f it' ig iii ss-ptritrI ' the flit - i-,ir r liai-al retiectin caused i? t ro.%
r,.to a 1-i i i.i fe gvs r lt d -\///o theirs. is Ai5'e lv trig srh

p7' ~ 5130 is'11: Irsr..rmri~mii ii litii' (rigritis rierivati,trs hIr,o-l on the nor-
p ~ ~ ~ ~ m I1!0 gn' r~]i ivi' I r have bveen prusettc v]sew))vr.) 11rI the

(v o x) x I0lo mtr
2  

iiliritw id di iffi-rcrcs are hisclis-I The tlreork-ical
- 700kg/ 3risuits agfree %kc1l tsitir ve~iriital data for varir'rr 'in-

p 720() kg/n3
gii' cr. st al awl iayerri sirht rates

2 8S2 x 101, '\t/tt2
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5661 (1979) IDatta and R. I' Fierret , '-tirface , oi~t wcV s

[A Ja -. , Fepor. to RA3, RADC-T-. 35(98)
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\PPENDIX C

Coherent mode conversion by grooved arrays in layered media
S Bandyopadhyay, S Datta, S. J Martin, and R. L. Gunshor
Schcx of 'Eectrical Engineering. Purdue Univerttv. W4 Lafayette. Indiana 47907

(Received 29 July 1983; accepted for publication 6 September 19831

Recent experiments have shown that a periodic array of grooves and strips on a layered medium
provides efficient conversion between Rayleigh and Sezawa modes supported by the medium;
these novel mode converting reflectors have been used to construct sui ace wave resonators This
paper presents a theoretical analvsis of the mode conversion process starting front material
parameters. A first-order perturbation theory is used to construct a four-port scattering matrix
for each strip in the array. The scattering matrices are then converted to transmission matrices
and cascaded to provide the overall scattering characteristics of the array. The predicted
characteristics are in close agreement with experimentally measured values

PACS numbers: 43.35.Pt, 43.20.Bi. 43.20.Fn, 03.40.Kf

I. INTRODUCTION the interface (T, T',, T" 1 which then act a, the ,,u'ces,

It is known that two surface acoustic modes (Rayleigh for the scattered Rayleigh and Seza%,a waves [1-ig ' h,] [he
and Seiawai can propagate in a layered medium of sufficient overall problem can thus he di,ided int two parts , I, t0
thickness Recently, it has been demonstrated that an array determine the induced stress T' (1-_., I, 7', 1 tor a en

of groo,,es and strips with the right periodicity produces a incident wave, and 21 to determine the amplttudcs 4,1 the
reflected Rayleigh wave in response to an incident Sezawa scattered waves generated by the induced source ' The CW-
wave and vice versa.' Two such mode-converting reflectors ond part is treated first.
have been used to form a resonator cavity with a Q-3000, Consider a wave with an amplitude.4 i zie.\pi -- 11:1 [he
,howiitg that the mode consersion is quite efficient." ' This growth of the wave in the presence of the source T i de-
paper treats the mode conversion process using a first order scribed by
perturbation approach. d,, ye 1')*.T'

We describe a theoretical analysis of the scattering --dz 4P /W
characteristics of a periodic array of grooves, starting from
material parameters. The predicted characteristics are in
close agreement with experimentally measured values. The
approach used is to describe each stnp in the array as a four-
port scattering junction having two Rayleigh ports and two
Sezawa ports. The elements of the 4 x 4 scattering matrix are h

determined from material parameters using first-order per-
turbation theory (Sec. Il1. The scattering matrices are then X
cons erted to transmission matrices and cascaded to provide
the overall scattering characteristics of the array (Sec. 11). _ Y

It will be noted that conventional reflecting arrays in-
volve a single mode and are described by a 2 x 2 scattering a 2

matrix. Mode-converting arrays on the other hand involve 2
two modes and require a 4x4 scattering matrix. In many
practical cases, however, it may be possible to use a 2 X 2 (al
scattering matrix description. For example, suppose the ar-
ray period is such that at a particular frequency an incoming
Sezawa wave traveling to the right is phase matched to a
Rayleigh wave traveling to the left but not to the left-going T ''
Sezawa or the right-going Rayleigh. At this frequency it may
be permissible to ignore the two waves which are not phase
niatched and use a 2 x 2 scattering matrix. The validity of

this procedure will depend on the length of the array and the T ."
degree of phase mismatch. In this paper we use a general
description based on a 4 X 4 scattering matrix.

II. SCATTERING CHARACTERISTICS OF A SINGLE
STRIP
A. First-order perturbation theory

Consider a single strip on the surface of a layered medi- tG I (do Wde i,.dcint n , .un %,itp h ( ,encr.ti , n , 'i R , ,d

um (Fig. lwai. An incident wave induces a set of stresses at Sc.d, w ic, h iridi..ed s rrse,.f fi .r suh ir,or ticrta, r
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%where A 101v is the particle velocity at he surface and c S ID,

A 2Pis tlie total power carried by a wave ofamplitudeA arid (5)

A sidt h W in the x directiont. This result is derived rigorously a, S 5/D

.starting from the reciprocity theorem.4 However, a simple where

argument can be used to show its plausibility. The power

flow from the source into the wave over a length dz is given D- SS ' S S

and

1 4 'j v * T ' W d z. S A S- . s S i (/- ,

s, being the compliance tensor. In general the situation is
This means a fractional change in power of more -omplicatcd than Eq 2) indicates, with 7 depend-

(Ac 'vzT nz mg o : and I on i,*. However, v, is usually zero or

2AA *P negh::,e so that neglecting the dependence on i, does not

Since the power is proportional to the ampltude squared, cause ,crious discrepanct

the fractional change in amplitude is equal to half the frac- Using Eq 2, in Eq. I I we have

tional change in power. I hcJ, +c~f7 -- cf:e . "', (6)

dA (Ae 1"v)*.T'Wdz A dz

A 4AA OP
where

Smphlinig, one obtains Eq. (1).

The first part of the problem is then to determine T for c. __- _ ,

a gien incident wave. This aspect of the problem is dis- 4Pw/W

cussed in Ref. 5 where it is shown that the interface stress is 1,*v',

proportional to particle velocity at the surface associated c, 4P/W( 7)

with the incident wave. *r',
7', -Ae u% h f zc -PI--

T_ Ae -f(z), 4Pw/ W

Integrating Eq. (6( over the region of the strip one obtains the
1 A e h ( z), 2) ratio of the amplitude of the scattered wave (AA to that of

12) the incident wave (A, .

T A,e J'' h(z), AA
-- h [c,1, + cI, + c, (8)

A,
%4 here .4, e Y~v is the particle velocity due to the incident where

a,1,C oif amplitude A, exp( -j,3,z). The superscript or sub,.a

script i rcters to incident wave parameters and o is the angu- f f, {z)e AA -01dz,

lar frequency. The functions.,,f,, andf, are constants over

the iegion o the strip ( - a12 < z<a/2( and zero elsewhere. =. sit I_____-_a_ 1
They are defined below. It is of interest to note thatf, andf, 2 h

biase two delta functions at the edges of the strip.' - IJ -2 J
J,.rj sin -j, -,6±aaIPal

r1 2
>( 6(Z± + (fi, -0)

42/ 2 2
f'z -.J 2p, (3) 1, j sin I (fl, _a p, -

f, ( ~P - j/1~ +a,#, 2 1(,-,)

[(Z + al) - b )] co-aP alaf]

t.i . ,r. are constants characterizing the strip material. B. Scattering matrix for a single strip

, , I tic ia. density while tr,. a . are effective stiffness coef- A single strip in a grooved array mode converting re-

hwiuit It the slrp is made of an isotropic material with flector is treated as a four-port network, as shown in Fig. 2.

I .:inc , ,islants ,t and /1, then The quantities a represent the input modes and the quanti-

, 11 ties b represent the output (reflected or transmittedl modes.
The representation S stands for Sezawa modes and R stands

__- .... (4) for Rayleigh modes in the figure.

2. 1 The scattering matrix' is defined as the matrix relating

l.i an anisolropic strip, the expressions for (z,, at, are" the b's to the a's:
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Fl I 641

b,

FIG 2 Four por! scattering network for a single strip or groove 1.6 - ,0 "

Lb, Sit S12 Sti! S14- a,- 1. 0 0Fb :I S23 S'24 a,b S, S2 S33 S34 a3

A- S1S 42  S44  S44 - a4or in matrix notation o.8

lb( 1 [S]Ial. (9) 0.6 0

For a reciprocal device, the principle of reciprocity gives7

S,, = S, ij = 1,2,3,4. 0.4 0 .

Using r,, for the reflection coefficient from mode m to 0.2- T r,

mode n In and n traveling in opposite directions), and K,,,
for the conversion coefficient from mode m to mode n (m and 0.0.
n traveling in the same direction), we may write 0 200 400 600 00 1000 1200 1400 1600

S S R (10) GROOVE DEPTH, h (A)
FIG. 3. Magnitude ofSezawa-to-Rayleigh mode scatteri 8ng vs groove depth

S" -S44 =rss, (l1) in the ZnO layer.

S1' S14 = rRs = S2 = S43 =rR, (12)
S14 S": = K s = Su = S,, Ks (13)

RS SR () ZnO-AI-SiO,-Si structure shown in Fig. 3. The grooves were

S,, S41  I +J'k, (14) ion mi!led and a uniform mark to space ratio of unity was

S 4 - S 4 = 1 +j ,, (15) maintained. For the dimensions shown, the Rayleigh and

where the subscript R stands for Rayleigh mode and S for Sezawa wave (phase) velocities are 2993 and 5326 i/s. re-

Sezawa mode. spectively. At a measurement frequency of 152.4 MHz, the

The coefficients , and 4s need some clarification, corresponding wave numbers are

Normally in this lossless network, an input mode would pass 16R = 0.32 /im - '(A, 19.64 im),
through unattenuated and emerge as such, so that 0, =0.18 p m  , = 34.95,um )

,, S, S =$ =I. Because of the perturbation f 5 =0lu )~=3.5mcaused of the strip, the incident wave suffers a phase shift The particle velocities at the surface for different waves arecasedal to he amripltheiudenmut walsfersahase rt shown in Table I, all normalized to I W/m of beam width.equal to .R The amplitude must also decrease in order to

satisfy power conservation; however, the decrease is of order These were obtained from a computer program that deter-
r(r being the reflection coefficient) and is not given by mines the velocity and field distnbutions of surface waves in

first-order perturbation theory. For a single strip this repre- layered media.

• sents a small error but the error may build up when calculat- R * refers to incident or transmitted forward traveling
Sing the characteristics of an array. Energy conservation can wave and R refers to the reflected reverse traveling RaN-

hc ensured by requiring that the S matrix satisfy the condi- leigh wave. Similarly S' and S denote forward and reverse
tion traveling Sezawa waves. The strip material in this case is

ZnO for which we have (Eq. 5)[s*'(Sl [I], (16)
IS011s] =[1],(16) p = 5680 kg/m' ,

where I / Iis the identity matrix. This is ensured ifwe divide 50
each S matrix element S, by [ I'2 S,,2  

/2 aI ' 0
Experimental measurements were performed on the a, = 1.6X 10" N/m 2 .

I ABLE I Surface particle velocities jin m/st normalized to I W/m

R R S' S

- V. 0 0 0 0
" -57 t 0 '"w - 1.57 "10 "j O5 9d I0 )'o ,/ 5t) ,  

lo
0.8 X t '1'0 0.X I) 1 , 0 (It . t I o W1 * ",

71 J App! Phys Vol. 55. No. 1. 1 January 1984 Bandyopadt, Iv ot a/ 71

. 71
S-i i ~ ii I ' i I ~ i



55-

Using Eq. (8), we obtain the scattenng elements th is in
units of angstroms b3  Ia

Si S= AA (R - - S ,5S h, R R

AA(S - -]j5.79xl0 h,
S2, =S 4 4 = A,(S )nl

St, =S =S 4, 4 - A (S-) b Ia
SA,(R) S

* A R- -j.329×10-'h, a 4
JA (S 11,

JA (S b I Fiet

S, = S 1 = S; S43 = 
.0- 

- ,R '

- = -jl.07x 10 'h, mission matrices will iasi achieve the desired purpose. This is
A, (S " because tht outgoing quantities from the first network are b,

= 1. R lI+j8.67x 10-_h, and b4 whereas the ingoing quantities into the second
A,,(R )  network are a,,a, rather than b ,b;. Hence, in order to

S, , I+ A (S-) =I+j2.achieve the desired cascading, the outgoing b's of the first
S+ (S +j2.67× 10-h. network must be transformed to ingoing a's of the second

A,(S ) network and vice versa. This is easily achieved by introduc-

Figure 3 shows good agreement between theoretically ing a transformation matrix [V] defined by
0predicted values of S,,( = S,, = S, = S..,] and experimen-

tally measured values. The agreement deteriorates at higher a,
values of/i, which probably shows the inadequacy of the first a V a,
order model for large groove depth. The first order model b b3
predicts a reflection coefficient linearly proportional to h b
and neglects higher order contributions. At small values of b__.
h, the linear term dominates, but the effect of higher order where
terms becomes more pronounced with higher values of h. 0 0 1 0

Ill. SCATTERING MATRIX OF A GROOVED ARRAY [171 0 0 0 1
10 0 0

A. Cascading procedure L 1 0 0
When treating the entire array of grooves, the transmis- The cascading may now be performed as

sion matrix is more useful since the transmission characteris-
tic for the enire array can be deduced by merely multiplying
together the individual transmission matrices. where n is the number of strips, [T] the transmission matrix

With reference to Fig. 2, the transmission matrix is de- for any one strip, and I T ]., the overall transmission matrix
ti ned ais for the entire array.

Next the overall transmission matrix is converted back
* [1 '12~ 14ItOinto a scattering matrix by using the same relationships as in

aj T 2., T2, T24 the Appendix with T's and S's interchanged.b,:7: T , T,T,, b,"

b_ T, T, T, Jb 2 - B. Discussion
re individual transmission matrix elements can be found Figure 5 demonstrates the excellent agreement between
Irorn the scattering matrix elements with the help ofthe rela- experimentally measured and theoretically calculated values

* tionships given in the Appendix. The scattering matrix ele- of !S42 ! (the magnitude of the ratio the transmitted Sezawa
inents are determined in Sec. I1, assuming that the wave wave to input Sezawa wave for the entire array) as a function
amplitudes are all referred to the center of the strip. How- of frequency. The same device as previously described was
ever. for purposes ofcascading it is better to have a, a2, b,, b2  used and the number of strips was 200. The magnitude of the
referred to the output plane and a , a, b1, b4 referred to the dip at the center frequency was computed to be - 17.4 dB
input plane. ThiscanbedonebymultiplyingS,,S,,S , ,S, while it was experimentally measured as - 16.5 dB. The
by exp( .j /I, )'S,,, S,4, S,, S44 by expi- jsl) and all oth- magnitude of this dip depends on the groove depth and in-
er terms N, exp - jfl,- I -. ).where Iis the center-to-cen- creases with h.
ter distaice between successive grooves. Another difference between theory and experiment dis-

Beftore performing the final operation of cascading, a cerned in the plots is that the experimental curve continu-
glance at Fig. 4 will reveal that merely multiplying the trans- ously "droops" as one goes farther from the center frequen-

72 J APPI Phys Vol 55. No 1. 1 January 1984 Bandyooedheyy etal 720: : : :::: :i "
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"30,S, 24 -s 21 3 S
" T14 =

-bo + S.1S, 4S, -S24S, d + S.4S2S,, - S, IS 2 1
' StAS24 - $23S,,

-eo T, = S32

16O 161 162 163 164 166 + $31,(524'' _ 24S,2 + 34 (S212 - S,$22)
F"REQUENCY (MItZ) 513524 - 521Si4

Fli 7 [heoretical plot of S..! vs frequency ih = 1088 A). -3. = S 3 3S 2 4 - $ 23 S.34

S ( AS24 - $2.S14

grooved arrays. The predi:ted conversion coefficient per T14 = S4SI - S33S14
strip ,nd the overall tran ,rnission characteristics over a StS24 - S23St 4
broad range of frequencies are in excellent agreement with T41 = S41
experimental results. This indicates that the first-ordermod- $43(S, 4S2 I - S 24SI1 + S 44(S'3SI - Sl ,S.,)
el presented here adequately describes the behavior of + ,h1S24 $2I1S4

grooved arrays for reasonably small groove depths. 7'42 543

3(2 = S42
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S, $24 - S23 ,4
APPENDIX -$4314

T4= S13S44 -~1I
Relationships between transmission matrix elements S, A$24- S 23S14

and scattering matrix elements for a four-port network. The
following equations express T's in terms of S's. The S's in
terms of T's are obtained by interchanging S's and T's.

TI4 S14S'2 - 24SII

51IS,4 - S2 IS14

7- S4S -' '2 --. S2
,- S SS2
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APPENDIX D

SAW It ESONA'lOWS ON SILICON WITH ZnO 1.IM ITLI) TO lITI I? ECGIONS S

S. S. Schwartz, S3. J1. Martin,"R. L. Gunshor, S. IDatta, aknd I?. F. l'ierret

School of Electrical Engineering. IPurdule I iversits
Xest I.afavette, Indianla .17107

Albstract 11, DoI)' c-'t rtc-i ire

Surface acoustic wave resonators with inC limited A sch.'roitie 'if the i-s trjtlvi'cihl'' /Id) r'scna-

to IDT reglc ic> ar' presented for an (exteriially coupled tor having -tlied grctosl'- rl-lrs it "it., , s-%i ~
rf'sonatocr ciuhgiuration. Tl' rvelicti-n rrio grtings Figure 1 . %it' lt

t
t Owi tri-m l-cT -gu arc' 0w4 c'oii-sistiii cfr griict'e ill bo)th Siio anl S!O.. is dil- onuR plait''k Il rie /it() 1 *' c 'lb- /I:(,

cuissed. Ev:xe rially coupled resonoator> with r''flecivv regiolis clii beI dt'litid i r I''u-jcfsechc-
gratings ciistigof griives etched in tus.idized si1i- tinO layer or by- using a 5hw'ld duiring cI'

Conl are found to exhibit Q-sN~Ihes in, excess Of 20,t000. process. An ailvaitagi' of the latt-r t -clwiitp',i' l~

sputtering damiage can be restricted ito a iuuiiuii rva

of the( wafer.
A feature associated withI the growthi of thiin films,

1. Introduction is die possibility of stovic n'cniuorru: VIli I'iickn-

over a sarip!e. In fabricatifig rou-Pl-i
Surface acoustic %aersnaosLv been grooves in the( Z1r ivaer, it isimotn l!13WLr

adapted to the ZniO/-iiO./ i lay,-red mned Iimi good control of the in tliickn.'ss iii the gairtg r.gictn

* tonfigurat ion and have previously been constructed this is C'. ciallv important doe to the veloeillvgr~oictt
using rvtlecto)r arrays of both isolated 111(1 shorted aissociated with a change in !ilnnn tioc(knissL" if Jill ho dis~r-

met al strips ''ii the surface of the 'trO a~s well ais sive inO layer. The velocity grailnt cl.ii iolfi

grooves ii:!d into the- Zii( laser. \Martiii et~a Ill degrade the( reflection nmvgiitodc :and( icreaise thet
ivive Shoiwl that the groove refle:ctor te,-li Ii ue v u-his bandA idt h of a reflective array. Thel( nouuifornit

re-sonators; ssbi-h have Q vaues of the o~rde(r if 10,000 prohiletn is alleviated Ili h[-i -vs cii> trucidliig
Ini this pape~r %ie present restinators %%hicl consis if grooves in silicon or grooves Ii -it. )% alit.' Ilhe dis~cer-

* mnO 'Ipo~it el only in thle transducer regions and sin is considered negligible.
refl-ctoir arrays, of gromos noillei lilt ei t her S-iC. or sit- Perhaps the miost imiport ant ri-aisln fi.r employiig

i Zin t o iesouiarors fabricated utiliuinig tist nithod the prilpil-c coifigiiui a %%lit /noi 'lii the rol~ectur
h-ne t Q~~:.c~ vatues 70' 'higher thanm pre i' 'islN grating reguin is to reduce( irci im-i -ti Is ;s it -cl
ib'taitoivd I iub' ihucr'':vsinu tire 0 (If thie rfesonattr, :ii aith itth li 0  fim R ('viatcr, rtisu, I i- n: iv

4 tchthtual11- 'lalicit of this type ofr rt'sttnaltr is thiat there- grttve thvl in tilt- Ytc.( 'as t I.01oli 05cci-a c5

ii at nitmiin-i amnount 'If chip ara that nieeds to, I), tt limoitedh hcs crp ag:ow ic- m'" ill, thi' ) P1, % I 'l
expose-d to /id) sputte'ring dmtige. niato!' of the /i() li.N, tr ili t'e rric r-iwc'

Resitiunlirs coiustrcicred iii the /nO/5i 2O/Si lay- anit-wifttts Lsiglilficltiic- -iiit t i Prj 1-_c , I-

trial Cu!iflglatil list c' eliietl favccral ag'litig titan I(ss is re-lated toi 0 5ia ii'r ( i 'ihij

ciiart'ri'' i-- and fis'lon f~thrici-nt'c a itlIt teinlira- Q ---- ( II
1ri' %0tc i i it-hi s -' duletct is-c a ith ii v of (jii art7 o i

ncstnacc, I''nt atci blcni siigsuiciisu- where ca is fli, prilpagat ilm !- p -r nrio lt'tigi ti ll X
sirates lc it' f the posi bihl.- cf Ii, trltlri mug t lose;( des- th' ehtug i

''% as tci'chiipi rather thiati lisrct, cr1-lilt Ctcniip'clieii1ts
s, wi-il ;ts, th'. fact that faibri- :itiotiichiiji- art' (t)il-.n. H'

jatibi'' %i I thicise of cirrint nu-rae irc-iuit fabric-a- I

Ailsanitigi's a-ssttt'i-d a-,it it his tb'sic't st ructu~re,'/ / -- / -- ,'

altri' tilt- /!d) urilirlucs, qils. hlit' traislcict's art'e/~',i/ 7
1 'r-svt'it(--! in vIctittin 11, 'l'rciiis cr t-oo vi' it, ' /
laO(, Si() .. atid stio-n arv' lir,.'"s'tal. 1is'ticn Ill fctl' .---------------

canald by exi'rimii'ntAl resuilts acit-h nw:ifcr ittMI tt

IX V I'A )rit-,rtcwit tcelIniiq it'>! i i' -It' tl 1t1 thItis (It'sit-t'
i-ciiigiirattiur are cnsidi'red ti wteI itttm

Fig. 1. F% tritally 'itiiul 1
t
c SAW r'ciIc '1 1 '' u

['resent address: Satidia LIaharaltries. A!Iitii-c 1 ie, rt'flectise gratiings of gr, cs-its M'tled it 0, Ar(i mc /ti(
New Mxico jellinmited It' ilit' transdiu-tr rt'gictnt.
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Ill. Reflector Array ('haract-ristics

A series olf expe'rini'ils involing the nieasireiiieit 4,

or to ir:insrmisiisiii through reflt,,et,,r arravs of-100 Ion-
milled grioves were l'erFi'rmid to determine the /
re-fte:iviiv per grooe for var. 'is values of groove 1,0
Itlh11 .A plot of reflectivity per j,-riodic section versus /
,i'roi Pied groove depth, 14, is shown In Figure 2, 2
lF\;'riirtal points t "oti' sih a theoretical curse Z 61
,r -rie,vc's both in silwon aid SiO., indicate that
experirental results appear to be ii (-loe agreement t
%silh thvorl,.34t1 Also in,-bled in the figure is a line 0 m
'to is ing experinicit al reflect Is it; dat-a fior grooves 2

Into the surface of a 0.7 /,m ZnO filn on 3.05 ei01

*im i ()., p' preyveiuslv report ed.: 5' - ll ie:Luri'iiel-ts
A l I ;rcdic-iorns are Fir (ill) ut < 21 > propagation
hr- 'ih,1i silc,-u s bstr te< C1,tar., ly\. elimination of 'J j

th' /!l( i:aver iii the gr:tlig ri on, ie must use

'1,,--p- r grtlls is. iiire r-l' ,,-. or a combination of
ti-. t%55 to obtain the sram' anliit of reflection from
:t ,riT i, etched into silicon ,,r i 0 .  .,n in re e in:,
Itl, ,rove depth will e'vn .tualy d,,crua e Q due to
sea?',rh,[ igto hulk nute', ahtiei s in i,-rease in the Fig. 3. Transmission response of an externalt) cpled
nuriiir if refct-irs per rit ing will increase the resonator with 0.36 pin grooves in unoxidized silico'n.
etctiv c cavity length and hence, raise the Q at the
expense of an increa'-d device size. externally coupled resonator constructed using gr,,oves

in SiO, was found to have a Q of 17,400 at 110 \I] lz.
' 2 /These results show a significant improvement in Q

for the resonator configuration presented comipared
,1 , with those constructed wsith grooves in the ZnO layer.

Preliminary results for an internally coupled trans-
foA ducer configuration have been examined with ZnO lima-

S I  ited to the transducer region. A distinctive feature of
SC this type of resonator is that of an abrupt step at the

edge of the transducer region caused by t-ichiieg away
the ZnO. Of course with a thick film one would expect

S 0, - a large reflection from this discontinuity since, to first
- / order, the reflection at such a discontinuity wimld be

hproportional to - where h is the step height. flow-

- ever, in a device with a ZnO thickness of 0.7 pim and a

*0' / wavelength of -10.64 pmi, 0.017 and calcutations

/ [3 predict a reflectivity at the step on the order of four
.t / , percent.

lMeasurements on internally coupled rosonators
+o indicate that tl, step is not a major impvdhnent to

0 e0 no Die D .. 030 a . 00 obtaining acceptable resonator performance ire thom film

devices, a taper is not required. Several contig':ttrions

'for Internally coupled resonators are under exaitna-
, ,,h ivir tl lr!,or .normalized!igrooves: tion, and results will be reported in future pu i! iat ons.

.A)} 11,,, 07 I /;: n o t ,oti 3.05 pim Si0I,

i, (Crs.es in : 0- terii i()..

V! -,il'.rates are (111) cut iiiti, <211> proepliga- V. Fabrication Techniques

Fabrication ,,f the resonators under coisietei raIi,.n
invilves a slightly different procedure than us,d in pre-

I "  ;),-rim' :i It,. ilts vi,,usl i e's(rl i d on-silicon SAW resonatorss.iv' th

rvl,-lii' gr:etlrg and the tr;insducrs are no, .lnier iII
I}t' tran.mmi.ssieni r,,s eeem ' ci atn exi'rii:eli ci~lile~li'l the s.iiii J,!riw The procissing steps will liv lu.i ned

r'--- 'er c u- e iso,,t~v, ino tti~to h l,+ geith I , aid if Figure .1.

is 'rwn ill igoire 8. The ca~v{il spac!Ig Step (:i) hE:,vaporate a 0.1 prim ahimiIIIiITni laser

1-. s ,e n rf!,'tive' -ratiis is 27 wvaveliitih amd ith' atep di', sib eel? or ) r The purlee-,e of this

iire' ) eef 0 ths div- l:i ter i. tl ,,r ,, a. a short inrgpjane bet iv d ith e inns-
._,,)O wshieh is 7tl Ii icir than ra :i dvic' elf duc,-r, This laver enhance's -- as welt ,as -llds the
, l ,rn,.niinis fabrivate'il isJti .reIcevi's it rl(). An v

6]
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PUOTORKSIST grating). Etch the resonator pattern ini thc alimiuii
and strip tie photoresist.

Al.. . . . . Step (e): ('over the transducer regions 5 ith ph,-

s~~ o , t o r s is t . B o i l in d e -io m L z d % a tv r t ,r 1 0 n m ,' r  i ,,
form an AI.,() 3 layer on the gratm;ng 'inun I 'i' ;
reflector grooves using nn i01 milling macii 'in 'll lv

() purpose of the alumina layer is that altimina -tr.,, "it '
a rate approximately four tmuns slower than alummimiu,
silicon, and SiO,,. which all laae comparable et(h rats,

_ _ _ _This is import ant since d,pe r grooves are necesa r !,)
obtain the samie revlectil "v for grooves etched it /1(0
devices as mentioned earlivr. The pr,-.ce f th+.
alutiiiia, thelnt, allows olie to ttch deep groooes witvout
an excesskoe.l. thick alumiinum mi sk.

W Step (f), ('hemically elch the remaining grating
mask material and strip the photoresist.

Al

N1. Conclusions

It has been shown that resonators can be fa!,ri-
cated with ZnO limited to the transducer regions on'

W') and that such devices exhibit high Q values fo r
reflector arrays etched in both silicon and SiO,.
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